ABSTRACT: Diel changes in feeding habits and the relative contributions of daytime and nighttime diets to the nutrition of the mysid Orientomysis mitsukurii in a sandy shore environment were determined by field sampling and additional laboratory experiments. O. mitsukurii was distributed just above the bottom during the daytime but a subpopulation swam up into the water column at night. Nighttime swimming activity was prevalent in small individuals but progressively decreased at larger body sizes, while the gut pigment contents of all mysid size classes consistently increased at night. Stomach content analysis revealed that O. mitsukurii individuals of all size groups ingested sedimented particulate organic matter (POM) containing large quantities of clay minerals during the daytime, whereas they mainly foraged on planktonic diatoms in the water column at night. Estimated in situ algal ingestion rates at night accounted for approximately 80−95% of the daily carbon assimilation. O. mitsukurii also exhibited high efficiency in grazing on planktonic diatoms in laboratory experiments. Conversely, daytime sedimented POM carbon accounted for only a minor proportion (5−20%) of the daily carbon assimilation. The utilisation patterns of the different food sources were confirmed by carbon and nitrogen stable isotopic signatures in the benthic community. Our results suggest that efficient utilisation of primary producers, such as planktonic diatoms, by O. mitsukurii is beneficial for maintaining the species' high abundance from an ecological transfer efficiency perspective, and that sedimented POM is an alternative food source for securing the basic energy required for their survival, particularly when phytoplankton availability is low.
INTRODUCTION
Mysids are a dominant component of various coastal ecosystems and often constitute the dominant prey items of commercially important fish species and crustaceans (Mauchline 1980 , Möllmann et al. 2004 , Cartes et al. 2008 , Latour et al. 2008 . One of the most notable ecological characteristics of coastal mysids is their flexible feeding behaviour. Most mysids are omnivores and feed upon a wide range of food items, including rotifers, copepods, cladocerans, amphipods, and carrion as well as detritus, diatoms, and fragments of terrestrial plants, seeds, and macroalgae (Froneman 2001 , Viherluoto & Viitasalo 2001 , Takahashi 2004 , Lehtiniemi & Nordström 2008 , Vilas et al. 2008 , Takahashi et al. 2015 . Such feeding habits indicate that mysids play an important role in the grazing and detrital food chains, and this is advantageous for maintaining their biomass in coastal habitats.
Orientomysis mitsukurii (formerly known as Acanthomysis mitsukurii) is abundant in sandy shore environments along the Pacific coastline of northeastern Japan (Yamada et al. 1994 ). This species is the main prey of juvenile Japanese flounder Paralichthys olivaceus (Yamada et al. 1998a ,b, Tomiyama et al. 2011 ) and of various demersal fish that live along this coastline (Katayama et al. 2008 , Tomiyama et al. 2013 . Therefore, O. mitsukurii plays an essential role in the carrying capacity of these regions, which are important nursery areas for a variety of commercial fish species (Tomiyama et al. 2013) . Despite the importance of this species to coastal ecosystems, the contributions of different food sources to the diet and biomass of O. mitsukurii have not been studied in detail. A study by Yamada et al. (1995) demonstrated that O. mitsukurii individuals collected from the field contained both benthic diatoms and detrital material. From an energy budget perspective, Yamada (2000) suggested that plants, including benthic diatoms, were insufficient to meet the metabolic energy requirements of this mysid species, and emphasised the importance of other food sources in its diet, such as unclassified detritus-like materials, which constitute the majority of its stomach contents. He also found that the gut pigment contents of this species increased at night (Yamada 2000) , although this diel change was not examined in detail.
In the present study, we investigated the contributions of different food sources to the diet of O. mitsukurii in a shallow, sandy shore environment in northeastern Japan in order to increase our understanding of the trophic base of fish production in this region. We conducted 24 h field samplings to investigate diel changes in the diet, in addition to laboratory experiments, to quantify the relative dietary importance of plants and unidentified detritus-like material. Our results indicate that O. mitsukurii is able to utilise 2 different food sources efficiently throughout the diel cycle, which is probably how it maintains high abundances during the summer.
MATERIALS AND METHODS

Sampling sites
The study was conducted along the sandy shore environment of the Pacific coastline of northeastern Japan during the summer, which is the main recruitment and post-settlement period for Japanese flounder in this region (Yamada et al. 1998b) . Diel changes in the distribution and diet composition of Orientomysis mitsukurii in the field were investigated at Ukedo-hama (37°28′ N, 141°04′ E), Fukushima Prefecture, where it was suitable to conduct 24 h sampling because a small port that could harbour a research boat was located near the sampling site. Additional specimens for laboratory experiments and stable isotope analysis were collected at Ara-hama (38°08′ N, 140°59′ E), Miyagi Prefecture, which was the closest sampling site to a laboratory (Tohoku National Fisheries Research Institute) (Fig. 1) . Although the sampling sites were approximately 70 km apart, they had similar environmental characteristics, both being open sandy beaches exposed to the Pacific Ocean. A previous survey of this region revealed that O. mitsukurii occur at both sampling sites in high numbers (Yamada et al. 1994 ).
Field sampling for distribution and feeding habits
Diel changes in the vertical distributions, food items and gut pigment contents of O. mitsukurii in the field were determined every 3−4 h from 14:00 h on 23 July until 14:00 h on 24 July 2001 (Fig. 1) . The weather was sunny and clear, and the sea conditions were calm throughout the sampling period. Sunset was at 18:36 h and sunrise at 04:33 h. The moon was in the last quarter phase and low tide occurred at 23:42 h and 12:17 h and high tide at 18:36 h and 05:17 h, with a maximum tidal range of 135 cm (MSA 2001) . A sledge net (60 cm wide, 40 cm high, 200 µm mesh) was employed to investigate the benthic distribution of O. mitsukurii. Sampling was conducted along a 100 m transect line that was marked with buoys parallel to the shoreline (9 m deep at high tide). A conical plankton net with a 30 cm mouth diameter and 330 µm mesh was also towed horizontally along the transect line to collect mysids swimming in the water column. The difference in mesh size between the sledge net and the conical plankton net could not affect the sampling efficiency of O. mitsukurii, as its minimum body width (ca. 500−600 µm) is larger than 330 µm and no net clogging occurred during sampling. The water column layers sampled were surface, middle (3.5 m above the bottom), and nearbottom (1.5 m above the bottom). Attachment positions of the plankton nets onto the wire were preset based on the desired sampling depth and the wire angle, which was maintained at 45° during each haul. When the nets were lowered and retrieved, the wire was kept vertical to minimise sampling contamination from undesired layers. Samples were frozen in dry ice within 10 min of collection, transferred to a freezer in the laboratory and maintained at −80°C until analysis.
Temperature and salinity were measured in the field using a TS-meter (ACT20D; Alec Electronics) at midnight (00:00 h) and at 13:00 h. Phytoplankton samples were collected at the same time using a Van Dorn sampler from the surface layer, middle layer, nearbottom layer, and 0.5 m above the bottom layer, and preserved with a 3% acid-Lugol's solution.
Microscopic analysis
In the laboratory, the frozen samples collected in the field were thawed using chilled, filtered seawater. Using a dissecting microscope (Leica MZ16) in dim light, individuals of O. mitsukurii were sexed and assigned to different developmental (maturity) stages according to Mauchline (1980) and then counted and stored in chilled glass vials for later analysis (scanning electron microscope [SEM] and gut pigments). The remainder of the samples were preserved in formalin seawater for enumeration and sizing. The body length (BL; distance in mm from the base of the eyestalk to the end of telson) was measured using a dissecting microscope with a calibrated eyepiece reticle micrometre. O. mitsukurii density in each sampled water column layer was ex pressed as number per unit volume (m 3 ) based on the net opening area and the towing distance, assuming a sampling efficiency of 1.0. Quantification of diatoms and dinoflagellates was conducted using an inverted microscope (Leica DM IRBE) by Utermöhl's (1958) method.
Analysis of food items by SEM
Stomach (foregut) contents of the mysids were determined using SEM on the frozen specimens (Fig. 1 ). Specimens were fixed in 4% glutaraldehyde immediately after thawing. Under a dissecting microscope, the stomach was carefully removed and separated into 2 parts by the dry fracturing method (Toda et al. 1989) , coated with gold, and examined by SEM (JSM-5600LV; JEOL). Stomach contents of mysids collected from the bottom during daytime (13:00 h, n = 11 individuals) and nighttime (00:00 h, n = 14), and from the surface layer of the water column during nighttime (00:00 h, n = 12) were identified, and the frequency of occurrence of each food item was recorded. The BL of the mysids used to determine the general feeding habits of the population ranged from 2.2 to 7.3 mm. Further characterisation of stomach contents (namely elemental compositions of Si and Al as indicators of diatoms and inorganic sediment, respectively; Iwamoto et al. 2009 ) was performed by energy dispersive spectrometry (EDS) analysis, using the EX-23000BU (JEOL) system. 
Gut pigment contents
As an index of their feeding intensity on algae, diel changes in the gut pigment content of O. mitsukurii were determined in the frozen specimens (Mackas & Bohrer 1976) . Immediately after thawing, specimens were rinsed with filtered seawater and then dipped into 4 ml of N,N-dimethylformamide to extract the gut pigments. Between 7 and 43 extraction bottles were prepared for each sampling time and depth stratum, depending on the number of O. mitsukurii individuals in the samples. Extraction bottles were maintained at −20°C in darkness until analysis (> 24 h). Pigment concentrations were measured using a Turner Designs fluorometer (10-AU-005). The gut pigment content was expressed as chlorophyll a (chl a) + phaeopigments in a chl a equivalentweight per individual.
Gut pigment destruction efficiency
Gut pigment destruction efficiency was determined in the laboratory using the 2-component approach (Perissinotto 1992) . Mysids were collected with the sledge net at Ara-hama (Fig. 1) during the day on 14 July and 19 August 2005. Healthy and intact O. mitsukurii were carefully selected from the bulk plankton sample and pre-incubated at 18°C for 24 h in filtered seawater, to which cornstarch had been added. Four to 5 replicate bottles (250 ml), each containing 2 mysids, were incubated on a plankton wheel with a suspension containing the cultured diatom Leptocylindrus danicus, which commonly occurs at the sampling site. Four control bottles without mysids were also incubated. After 30 min, the mysids were collected with an 80 µm sieve for gut pigment analysis using the same methods as described above. An aliquot of algal suspension (100 ml) from the experimental and control bottles was filtered onto glass microfibre filters (grade GF/F) and the chl a con centration was measured using a Turner Designs fluorometer after extraction with N,Ndimethyl formamide (Suzuki & Ishimaru 1990) . A comparison of pigment budgets between control and experimental bottles was then conducted to estimate actual grazing by mysids, and any significant loss in the pigment budget from the experimental bottles was attributed to the gut destruction of phytoplankton pigments. All of the experiments were conducted after sunset (19:20−20:00 h), and no faecal pellets were observed in the experimental bottles after the incubation period.
Ingestion rate of phytoplankton in the field
In situ ingestion was estimated for different size classes of O. mitsukurii based on diel changes in mean gut pigment contents and the results of the previously described experiments (Fig. 1) . Ingestion rates (I; ng pigment mysid −1 night −1 ) were estimated using the following equation (Perissinotto 1992 , Froneman 2001 :
where G is the integrated value during the nighttime (12 h) of gut pigments (ng mysid
), k is the gut evacuation rate, and b is the gut pigment destruction efficiency. I was converted to carbon ingestion rates using a C/chl a ratio of representative values of phytoplankton, i.e. 50 (Dagg & Grill 1980) . Evacuation rates were estimated from the mysid BLs using the equation determined by Ritz (2008) , which was established for various crustaceans (including mysids) based on direct measurements of gut passage times.
Bottle incubation experiments
Feeding on diatoms was directly measured using bottle incubations in the laboratory, in order to evaluate the grazing potential of O. mitsukurii on phytoplankton ( Fig. 1) . The O. mitsukurii individuals used in these experiments were collected at Ara-hama during the daytime with the sledge net in July and August 2005, and healthy individuals were preincubated for 24 h for acclimation with natural seawater collected from the near-bottom layer at the sampling site. After the pre-incubation period, 2 mysids were placed into each of 4 polycarbonate bottles (1.2 l) containing a suspension of the cultured diatom L. danicus, at ca. 60, 300, 1200, and 15 000 cells ml −1
. The 2 highest concentrations were prepared in order to examine the grazing potential of mysids, and to determine the saturation point of the grazing rate. Two bottles containing diatoms without mysids served as controls. All bottles were incubated on a plankton wheel set at 0.5 rpm under dark condition at 18°C for 10 h during the night (18:00−04:00 h). Algal concentrations at the beginning and end of the experiments were determined using an inverted microscope (Leica DM IRBE); 500 ml of algal suspension was preserved in a 3% acid-Lugol's solution, and 10−100 ml subsamples were placed in sedimentation chambers (Utermöhl 1958) . After allowing the plankton to settle for 24 h, diatoms were counted using the inverted microscope under a bright-field. Clearance and ingestion rates were calculated based on the equations provided in Frost (1972) . Aliquots of algal suspensions (200 ml) from the control bottles were also filtered onto combusted (450°C, 5 h) GF/F filters to determine the carbon content of the diatoms. The filters were then dried at 60°C for 48 h, and the carbon content was measured using an elemental analyser (FLASH 2000; Thermo Scientific). An 80% assimilation efficiency of diatoms was assumed, which is the commonly used value for algae in the diet of mysids (Takahashi 2004) .
Because the stomach content analysis revealed that the mysids mainly consumed sedimented particulate organic matter (POM) deposited on the bottom substrate during the daytime, we also estimated the ingestion rates of sedimented POM from egestion rates (faecal pellet production). The O. mitsukurii individuals used in these experiments were collected from Ara-hama on 8 October 2005 using the sledge net. Natural seawater samples containing sedimented POM were collected using a Van Dorn sampler from immediately above the bottom substrate at the same site. The water sampler was intentionally allowed to touch the seafloor several times to ensure that resuspended sedimented POM was collected. Healthy adult mysids were pre-incubated at 18°C for 24 h with the natural seawater. Egestion experiments were conducted in 900 ml airtight tissue culture flasks filled with natural seawater, after removing any large grazers with a 200 µm mesh sieve. The sedimented POM was allowed to settle at the bottom of the incubation chambers prior to the beginning of the experiments, and approximately 2−4 adult O. mitsukurii were gently introduced and incubated for 12 h under dim light conditions at 18°C. All experiments were conducted during the daytime. Prior to the experiments, an aliquot (50 ml) of natural seawater was filtered through combusted GF/F filters for total carbon analysis using the elemental analyser. At the completion of each experiment, faecal pellets were gently collected with a 200 µm mesh sieve and placed onto pre-combusted and pre-weighed GF/F filters after a brief rinsing with distilled water. The filters were dried at 60°C for 48 h and weighed on a Cahn C-32 microbalance to a precision of 0.1 µg to obtain dry weights. The dried filters were ashed at 450°C for 4 h and then re-weighed for the determination of the ash free dry weight (AFDW). Filters with sedimented POM from the initial samples were also dried, weighed, and ashed using the same procedure. Ingestion rates of sedimented POM (I POM ; µgAFDW mysid −1 h −1 ) were calculated using the following equation:
where E fp is the egestion rate of a mysid, i.e. the weight of faecal pellet produced by a mysid per hour (µgAFDW mysid −1 h −1 ); C PM is the fraction of carbon content of the peritrophic membrane in a mysid faecal pellet, i.e. 0.029 (Johnston & Lasenby 1982) ; and AE is the assimilation efficiency (35%), as reported for Neomysis integer feeding on organic matter in sediments (Roast et al. 2000) . I POM was then converted to the carbon ingestion rate (µgC mysid
) using a factor of 0.045, which is the fraction of organic carbon content determined from field-sedimented POM samples (K. Takahashi unpubl. data). An aliquot of sedimented POM sample was also preserved in 4% glutaraldehyde for later SEM using the low-vacuum SEM freeze drying technique (Suzuki et al. 1995) in order to observe the 3-dimensional structure of the sedimented POM.
Stable isotope ratio analysis
Stable isotope ratios of carbon and nitrogen were analysed to investigate the food sources of the mysids and the food web structure at the study site (Fig. 1) . Benthic animals including mysids were collected at Ara-hama during the daytime in October 2005 using the sledge net. In the laboratory, the animals were sorted in filtered, chilled seawater into taxonomic groups, placed onto pre-combusted GF/C filters, freeze-dried for 24 h, and then ground into a powder with a mortar and pestle. Seston, including suspended living and non-living particles, was collected from 0.5 m above the bottom with a Van Dorn sampler. Water samples were pre-filtered through a 200 µm mesh sieve and particles in the filtrate (10 l) were concentrated onto a pre-combusted GF/F filter and freeze-dried for 24 h after treatment with 1 M HCl to remove carbonates. The stable carbon and nitrogen isotope ratios (δ 13 C and δ 15 N) were analysed in triplicate using an EA-1108 elemental analyser (Carlo Erba) combined with an isotope ratio mass spectrometer (Finnigan Mat ConFlo II, Mat 252). The isotope ratios are expressed as a per million (‰) deviation from international standards (i.e. Pee Dee Belemnite and atmospheric N 2 ): δ e.g. planktonic diatoms, benthic diatoms, and sedimentary organic matter, which were observed near the sampling site, were also used in the analysis (Ito 2002 , Ganbe et al. 2014 .
RESULTS
Diel changes in vertical distributions and feeding habits in the field
During field sampling, the temperature was consistently highest at the surface, varying between 21.0−21.8°C, and decreased with depth to 16.5−19.8°C in the bottom layer ( Fig. 2A) . Overall, the water column temperature was higher during the daytime than at night. Salinity was variable at the surface, ranging between 32.9 and 33.1, while it was relatively stable (33.2−33.3) from the bottom up to 4 m depth (Fig. 2B) . Regardless of sampling time, diatoms were most abundantly distributed 0.5 m above the bottom layer and were less frequent in the upper water column, while dinoflagellates were less frequent throughout the entire water column (Fig. 2C) . Microscopic analysis revealed that the planktonic diatom species Leptocylindrus danicus and Rhizo solenia setigera, and the benthic diatom species Cylindrotheca closterium and Navicula spp. were abundant.
Orientomysis mitsukurii was exclusively distributed just above the bottom during the daytime, with no individuals collected within the water column (Fig. 2D) . At night, a proportion of the population swam up to the water column with variable density (20−480 ind. m Conc. cell (cell ml -1 ) Fig. 2 . Diel changes in (A) temperature and (B) salinity, and vertical distribution of (C) phytoplankton and (D) Orientomysis mitsukurii at the sampling site at Ukedo-hama nighttime in the water column was observed at 03:00 h, when mysid density in the surface layer was 2.5 times greater than that in the remainder of the water column (Fig. 2D) . In general, the nighttime swimming population consisted of small individuals with mean BL of approximately 2.0−3.5 mm (Fig. 3) . The upward migration observed at 03:00 h was achieved via abrupt increases in the density of small individuals at the surface layer, while the mean BL of individuals in the surface layer during the first half of the night was slightly greater than that of individuals in the water column (Fig. 3) . The gut pigment contents of O. mitsukurii generally increased in the nighttime samples, regardless of size or sex (Fig. 4) . Mean gut pigment contents of all developmental stages had increased by over 3-fold by 21:00 h compared to those at 18:00 h. This increase was evident in immature individuals and adults collected at bottom, while high gut pigment contents in juveniles were found in the surface layer (Fig. 3) . The gut pigment contents slightly decreased at midnight in all developmental stages, and a second peak before dawn (03:00 h) was observed in juveniles and small immature individuals, although a corresponding peak was not observed in larger immature individuals or adults.
Although the stomachs of all the O. mitsukurii individuals examined with SEM were full of food items regardless of sampling time, their contents exhibited distinct differences between daytime and nighttime (Fig. 5, Table 1 ). During the daytime, almost all stomach contents were composed of unidentified amorphous materials (Fig. 5A,B) . Stomach contents during the daytime also included small amounts of planktonic/benthic diatom frustules (Fig. 5C) , as well as fragments of crustacean exoskeletons (Table 1) . In contrast, the stomach contents of mysids collected at night were exclusively packed with fragments of the planktonic diatom Rhizosolenia spp. (Fig. 4D,E) , while small quantities of unidentified materials were also observed in all individuals (Table 1) . L. danicus (Fig. 5F ) and other diatom frustules were secondarily important food items ( Table 1) . Fragments of crustaceans were also found in the stomach contents at nighttime, but these were not dominant (Table 1) .
Elemental analysis by EDS of the daytime samples revealed that the unidentified materials largely consisted of clay minerals that contained a great deal of Al as well as Si ( Table 2 ), suggesting that the my sid diet during the daytime contained a large amount of sediment. The elemental analysis also confirmed the nighttime switch of food items to diatoms by an increase in the proportion of Si (Table 2) . Overall, the stomach content and elemental analyses revealed that there was no significant difference in the proportions of food items collected during the night between the bottom and surface layers (Fisher's exact test, p > 0.05).
Bottle incubation experiments
On average, 88% of the diatom pigments were destroyed after ingestion by O. mitsukurii (Table 3) . No significant difference in the pigment destruction rate existed between the 2 experimental dates (t-test, p > 0.05, values were arcsine-transformed).
The clearance rates of O. mitsukurii for the diatom L. danicus obtained from the bottle incubation experiment in the laboratory varied with diatom concentration (Fig. 6A) . Although the clearance rates of individual O. mitsukurii varied from 26−57 ml h −1 at the lowest diatom concentration (ca. 50 cells ml −1 ), the rates became constant at approximately 5−7 ml h −1 at higher concentrations (> 300 cells ml −1 ), with no saturation at an ex tremely high diatom concentration (Fig. 6B) . Conversion of the grazing rates into carbon ingestion rates re vealed that individual O. mitsukurii are able to ingest, on average, 1.6 µgC h −1 in diatom concentrations < 300 cells ml −1 (Fig. 6C) , which corresponded with the maximum diatom concentration ob served in the field. SEM observations revealed that the sedimented POM was composed of loosely aggregated particles (Fig. 7A,B) . The particles were variable in size, and were approximately 50−100 µm in width (Fig. 7B) . Although frustules of benthic and planktonic diatoms were occasionally observed, the particles mostly consisted of unidentified materials (Fig. 7C,D) . A chemical composition analysisrevealedthatashaccountedfor 76% of the total dry weight of sedimentedPOM,whileorganiccarbonand nitrogen comprised ap proxi mately 1 and 0.2% of the total dry mass, respectively, indicating that the nutritional value of the sedimented POM utilised in the ex periment was low. O. mitsukurii egestion rates varied be tween 6 and 21µgAFDWmysid
,withanaverage of 15.3 µgAFDW mysid −1 h −1 (Table 4 ). The mean ingestion rate of sedimented POM was estimated as being 22.8 µgAFDW mysid
, which corresponded to a carbon ingestion rate of 1.0 µgC mysid −1 h −1 (Table 4) .
Daily food intake and assimilation
Based on a pigment destruction rate of 88%, the in situ phytoplankton ingestion rate during the nighttime (12 h) by an adult mysid (6 mm BL) was estimated as being 1.8 µgC mysid −1 h −1 , resulting in a nocturnal ingestion rate of 21.4 µgC mysid −1 for 12 h (Table 5) . Results from the bottle incubation experiment with cultured diatoms demonstrated a similar ingestion rate of 19.2 µgC mysid −1 for 12 h under the field-environment diatom concentrations (~300 cell ml −1 ), indicating that gut pigment analysis method is an appropriate method for estimating algal ingestion by O. mitsukurii. In the same manner as the gut pigment analysis, the nocturnal algal ingestion rates of small (2 mm BL) and medium (4 mm BL) mysids were estimated to be 3.5 and 15.3 µgC mysid −1 for 12 h, respectively (Table 5) .
The mean ingestion rate by adult mysids of sedimented POM was 22.8 µgAFDW my sid . Therefore, daily car bon ingestion of sedimented POM was estimated as 12.3 µgC, assuming the day length was 12 h (Table 5) . Consequently, the weight-specific carbon in gestion rate by adult individuals (103 µgC ind. applied a specific in gestion rate for small (2 mm BL) and medium (4 mm BL) O. mitsu kurii individuals, because mysids were found just above the bottom during the daytime regardless of developmental stage. Consequently, ingestion rates of sedimented POM by small and medium-sized mysids were esti- (Table 5) .
To ascertain the relative importance of daily food assimilation, different assimilation efficiencies of 35 and 80% were assumed for sedimented POM and algal ingestion, respectively. The total daily assimilated carbon levels were 3.0, 13.5, and 21.4 µgC for small (2 mm BL), medium (4 mm BL), and large (6 mm BL) mysids, respectively. These values corresponded to 21−80% of their total body carbon, and were 2.6−5.9 times higher than their metabolic requirements (Table 5 ). The contribution of algae consumed during the nighttime was generally high, but gradually decreased from 95 to 80% of the daily carbon assimilation with increasing BL (Table 5 ). The sedimented POM carbon taken during the daytime accounted for only a minor proportion of the total daily carbon assimilation, i.e. 5−20%.
Stable isotope ratios
The mean stable isotopic signatures of O. mitsukurii individuals collected from Ara-hama during October were −16.3 ‰ (± 0.4) and 9.8 ‰ (± 0.0) for δ (Fig. 7) , which are similar values to those reported in planktonic diatoms from the nearest estuary during the summer (Ito 2002) . The isotopic signature of sedimentary organic matter as reported by Ganbe et al. (2014) had considerably lower values of both carbon and nitrogen than did seston collected from 0.5 m above the bottom layer in the present study (Fig. 8) .
DISCUSSION
Orientomysis mitsukurii exhibited diel changes in its vertical distribution. Diel changes in both vertical and horizontal distributions are well known in During the daytime, O. mitsukurii individuals consistently remained within 40 cm of the bottom and most of their stomach contents were composed of unidentified materials, as previously reported by Yamada et al. (1995) . Although diatoms were abundantly distributed at 0.5 m above the bottom at the study site, these food items were not frequently observed in the stomach contents, except for a few frustules. In the field, Yamada et al. (1998a) reported that O. mitsukurii individuals continuously swim in dense aggregations within 0−20 cm of the bottom during the daytime. In addition, it has been reported in the laboratory study that during the daytime, they often seize particles, such as sand grains, from the bottom in order to graze on the organic matter on the grain's surface (Yamada 2000). These observations suggest that O. mitsukurii does not actively forage in the water column during the daytime, but remains very close to the bottom to search for organic matter deposited on the seafloor. This notion is supported by their stomach contents during the daytime, which contained a large amount of clay minerals, indicating that O. mitsukurii ingests food items that contain bottom sediment. Therefore, we conclude that during the daytime, O. mitsukurii ingests sedimented POM that consists of inorganic matter (ash) and a few biogenic particles such as diatoms, though their contribution to the daily carbon assimilation is low.
Sedimented POM appeared as loosely aggregated particles, and it is probable that the majority of these were detrital flocculent materials. In a study by Droppo (2001) , detrital flocculent material was observed as a complex matrix of microorganisms (generally bacteria), organic particles (e.g. detritus, extracellular polymers, and cellular debris) and inorganic particles (e.g. clays and silts) with substantial interfloc spaces (pores). It has been suggested that detrital flocculent materials constitute an important component of the detrital food chain in coastal ecosystems, although their origins and chemical compositions vary depending on the environment (Neto et al. 2006 ). Fockedey & Mees (1999) reported that flocculent materials are dominant in the stomachs of Neomysis integer individuals in European estuaries, although their nutritional value seems to be low due to the dominance of clay minerals, as shown in this study. Although the dynamics of flocculent material on sandy shores have not been ascertained in detail, particle formation could involve hydrodynamic processes near the sea bottom.
The main diet of O. mitsukurii during the night changed to planktonic diatoms, and this was reflected by an increase in gut pigment contents. O. mitsukurii generally swam up into the water column at night, although the intensity of its upward movement progressively decreased with growing body size and the majority of the population (consisting of large individuals) remained within 40 cm of the bottom at night. Yamada et al. (1998a) also reported a slight upward shift in the distribution of O. mitsukurii, from 0−20 cm above the bottom during the daytime to 20−60 cm at night. Because diatoms were always abundant at the study site, particularly in the lower layers of the water column, such nocturnal emergence patterns of O. mitsukurii are probably adaptive. Intensive feeding on diatoms at night has often been observed in studies of mysids that in habit sandy shore regions (Webb et al. 1987 , 1988 , Wooldridge 1989 . O. mitsukurii could exploit such an environment because the physical environment of the sandy shore and its characteristic flow regime results in the accumulation of mi cro algae (Wooldridge 1989 , Webb & Wooldridge 1990 . Within the O. mitsukurii population, active emergence into the water column at night was more evident in small individuals than in larger ones. As the abundance of juveniles at the surface layer at 03:00 h concurrently occurred with an increase in mean BL at the bottom, the intensity of their up ward migration seemed to be re gulated at the population level, possibly with a tidal or endogenous cycle. This abrupt increase in the abundance of juveniles in the water column at 03:00 h also suggests that a part of the popu lation horizontally migrated to the sampling site, because their total abundance in the water column was considerably greater than at other sampling times. Yamada (2000) investigated the daytime horizontal distribution patterns of O. mitsukurii in Sendai Bay, and reported that juvenile O. mitsu kurii were occasionally found in high numbers in shallow waters (4 m depth) in the summer, but their main habitat was at a depth of 8 m.
The relative contributions of the daytime and nighttime diets to daily carbon assimilation were con siderably different. Algae consumed at night accounted for approximately 80% of the daily carbon assimilation, indicating that O. mitsukurii production largely depends on planktonic diatoms. The laboratory experiments demonstrated that O. mitsukurii is capable of grazing diatom cells very efficiently without signs of saturation until the concentration is at least 50 times higher than that observed in the field. This ability to ingest diatoms has also been shown in other studies on different mysid species residing in sandy beaches or other habitats (Takahashi 2004), suggest- Table 5 . Daily carbon ingestion and assimilation from microalgae (phytoplankton) and the sedimented particulate organic matter (POM) by different size classes of Orientomysis mitsukurii. Phytoplankton and sedimented POM ingestion were estimated based on in situ gut pigment contents and egestion rate, respectively (see 'Daily food intake and assimilation'). Carbon body weights of the mysids were estimated from their body lengths using an allometric equation (Yamada 2000) . Metabolic requirements were estimated from the oxygen consumption rate using an empirical relationship (Ikeda 1985) , assuming a protein-based metabolism ing that the suspension feeding ability of mysids has significant nutritional potential when mysids encounter high concen trations of suspended small food items. Conversely, the contribution of sedimented POM to daily carbon assimilation was relatively low (5−20%) because of its lower nu tritional value. Nevertheless, the daily assimilation of sedimented POM still accounted for 31−53% of the minimum carbon requirement to maintain mysid metabolism. This indicates that sedimented POM con tributes substantially to the basic energy requirements for mysid survival and growth, particularly when food items in the water column decrease in quantity.
The results of the present study also indicate that the relative importance of algae and sedimented POM varies through ontogeny, i.e. small individuals are more dependent on algae in the water column than adults. This appears to be related to small individuals' nocturnal migration pattern of swimming up into the water column more often than large individuals. Although nocturnal emergence in the water column has been suggested to be an adaptation for horizontal dispersal because mysids lack a planktonic larval stage (Alldredge & King 1980) , the ontogenetic change in food preference could be related to the active swimming behaviour of young my sids. For example, the differential ability to utilise relatively large (>100 µm) sedimented POM may be caused by ontogenetic differences in nocturnal foraging, because mysid mouthpart morphology changes with growth (Jerling & Wooldridge 1994) . A differential vulnerability to visual predators may also explain differences in nocturnal swimming activity, because small size is effective in preventing prey detection by visual feeders such as pelagic fish, under low light conditions (Robertson & Howard 1978 , Takahashi et al. 2004 . Therefore, the low vulnerability of small individuals at night could not only increase foraging for phytoplankton in the water column but also increase dispersal through horizontal migration as found in this study.
Differential utilisation of daytime and nighttime food by O. mitsukurii was confirmed by the results of the stable isotopic analysis. The stable nitrogen isotope ratio difference obtained between O. mitsukurii and seston collected from 0.5 m above the bottom (2.9) was close to the general empirical enrichment factor for one trophic level (3.4; Minagawa & Wada 1984) , indicating that the main food source of O. mitsukurii is planktonic diatoms whose isotopic signatures are similar to those of seston (Ito 2002) . However, the slightly lower enrichment factor than the general value of 3.4 indicates some contribution of another food source, possibly sedimentary organic matter, which has a low nitrogen isotopic signature (Ganbe et al. 2014 ). The stable carbon isotopic analysis results also suggest that benthic diatoms are a food source for O. mitsukurii because the stable carbon isotopic signature enrichment factor of 5.0 is too large to assume a simple trophic dependence of O. mitsukurii on near-bottom seston including phytoplankton and detritus. This suggests contribution of benthic diatoms, whose carbon isotopic signatures are consistently higher than those in planktonic species (Ito 2002) , to the nutrition of the mysids. Benthic diatoms were observed in the water column as well as in the sedimented POM; therefore, they would be a food source when they are abundant regardless of the diel feeding regime of the mysids. This may also explain the increase in gut pigment in adults at night while they were distributed near the bottom.
Overall, the trophic level of O. mitsukurii inferred from the nitrogen isotopic signature was low compared to that of other dominant benthic crustaceans present in the sandy shore environment, indicating that O. mitsukurii is primarily a herbivore and a typical secondary producer, although its stomach contents occasionally included detritus and animal prey items. The utilisation of a primary producer, i.e. phytoplankton, as a main food item would be beneficial for maintaining the high abundances of O. mitsukurii populations from the viewpoint of ecological transfer efficiency. Moreover, ingestion of diatoms is advantageous in maintaining their populations because diatoms contain a large amount of polyunsaturated fatty acids that are essential compounds for the reproductive success of O. mitsukurii (Yamada et al. 1995) . Sedimented POM accounts for only a minor proportion of the daily carbon assimilation needs, yet it provides an alternative food source for maintaining high abundance, particularly during the winter when the phytoplankton productivity decreases.
In conclusion, the efficient utilisation of food items from 2 different origins ensures that high abundance of O. mitsukurii populations is maintained in the study area throughout the year. Because the availability of both food items would not change dramatically through the day, we believe that the diel switch between food items results from habitat selection that might be related to predator avoidance. Therefore, diel switching between food items by O. mitsukurii results from adaptations that optimise food intake while avoiding visual predation, which also helps to explain its high abundance. Another possible factor that regulates the food utilisation patterns of O. mitsukurii is seasonal variations in surface pro-duction, which in turn would affect competition with conspecifics in the water column. For a greater understanding of the effects of environmental variability on mysid populations, detailed investigations of their behavioural adaptations such as gregariousness near the bottom during the daytime (Yamada et al. 1998a ) and retention of the population within the sandy shore during nighttime, in relation to food distributions and hydrodynamic disturbances are required. 
